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Introduction
South Africa is a country known for its large
mineral resources and the development
originating from these resources. The
Bushveld Complex situated in South Africa is
the world’s largest layered igneous intrusion
and contains the platinum group metals
(PGMs) platinum, palladium, rhodium,
ruthenium, iridium, and osmium, and gold, as
well as base metals such as nickel, copper, and
cobalt in economically recoverable quantities
(Glaister and Mudd, 2010). The base metal
mineralization associated with PGM production
yields meaningful quantities of copper and
nickel as by-products. 
The base metal refinery is very important
in the PGM cycle as it increases the PGM
concentration from mined ore by a factor of
400, in comparison with concentration by
flotation (20 times) and pyrometallurgical
processing (20 times) (Crundwell et al., 2011).
According to Crundwell et al., Anglo American
Platinum Ltd produces nickel cathodes by
electrowinning and purges sodium from the
base metal refinery in the form of sodium
sulphate at the Rustenburg Base Metals
Refinery (RBMR).
Currently a nickel-rich solution from the
leaching circuit is fed to the nickel
electrowinning circuit at approximately 
90 g/l Ni2+(aq) at a pH of around 3.5
(Crundwell et al., 2011). Energy expenses
limit the recovery of nickel in the
electrowinning unit to 50%; making the recycle
of the spent nickel electrolyte important for
profitable nickel production. 
The current process configuration for the
treatment of spent nickel electrolyte before it is
recycled back to the leaching circuit comprises
four main process units (known as the sulphur
removal section) as shown in Figure 1. 
The advantages of the current process are
the successful removal of excess sulphur in the
form of sodium sulphate and water removal,
while the main disadvantage is the addition of
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Synopsis
Nanofiltration (NF) has attracted much attention over the past few
years due to the reduced energy consumption compared to reverse
osmosis (RO) and better separation performance compared to
ultrafiltration (UF). Although research has been done in the area of
NF of nickel ions, sodium ions, and acid separation, not much
attention has been given to the separation of high nickel concen-
trations from sulphuric acid streams. The use of NF for the
separation of nickel and acid from a spent nickel electrolyte is an
innovative process alternative for future industrial application
within a base metal refinery. 
In this study, the separation performance of a composite
polyamide NF membrane on a spent nickel electrolyte was
investigated by varying the sodium sulphate concentration in the
feed (50–150 g/l ), the trans-membrane pressure (35-55 bar), and
cross-flow velocity (1.5-3.5 m/s), and measuring quantities such as
total permeate flux, acid rejection, nickel rejection, and sodium
rejection. The nickel and acid concentration in the feed were kept
constant with variations between 40-60 g/l and 25-40 g/l respec-
tively, while the temperature of the experiments was kept constant
at 50˚C. 
The membrane was found to be very selective for nickel ions,
with the rejection of nickel ions varying between 54.4% and 98.2%.
The rejection of acid ions varied between -5.9% and 21.8%. The
rejection of sodium ions varied between 16.6% and 72.4% at a
cross-flow velocity of 2.5 m/s and sodium sulphate concentration of
50 g/l in the feed solution. An increase in trans-membrane pressure
increased the rejection of nickel, sodium, and acid ions, while an
increase in sodium sulphate concentration decreased the rejection of
nickel and acid ions.
The total permeate flux was found to increase with an increase
in trans-membrane pressure and decrease with an increase in
sodium sulphate concentration. The cross-flow velocity had an
insignificant effect on the total permeate flux and the rejection of
nickel, sodium and acid ions.
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Application of membrane technology in a base metal refinery
large quantities of caustic soda to produce a relatively cheap
sodium sulphate by-product. Hofirek and Badcock (1999)
discussed various process alternatives to the current process
configuration. This investigation identifies and proposes
membrane technology, especially nanofiltration (NF), as an
innovative process alternative.
Membrane separation processes have been known for
over 100 years, but industrial applications have materialized
only the last 50 years (Seader and Henley, 2006). According
to Cui et al. (2010) membrane processes are one of the
fastest growing fields in separation technology. The future
outlook for membrane separation processes is to replace more
traditional separation processes to reduce capital and
operational expenses.
Several membrane separation processes have already
been applied successfully in the food and bio-product
processing industries, to treat liquid effluent streams and to
purify water on an industrial scale (Cui et al., 2010). The
significant advantage of using membrane separation
processes is that separation is based on a physical
mechanism and not on chemical, biological, or thermal
changes associated with more traditional separation
processes.
Membrane processes are classified by driving force,
separation size range, and feed and product phases. Pressure
driven membrane separation processes such as microfil-
tration, ultrafiltration (UF), NF, and reverse osmosis (RO) are
well established on a large scale (Richardson et al., 2002).
NF is defined as ‘a process intermediate between RO and UF
that rejects molecules which have a size in the order of one
nanometer’ (Van der Bruggen et al., 2008).
CAS (2010) reported that from 1970 to 2009 filtration
publications increased by 8500% while NF publications
increased by 6300% from 1990 to 2009, with products to the
value of US$310 million being produced from the successful
application of NF. The main economic advantages of NF as
purification or separation technology are reduced operating
costs, reduced energy consumption, and the small environ-
mental footprint associated with NF. Although NF research
related to water purification account for the bulk of the
research, Van der Bruggen et al. (2008) mention that the
application range of NF has grown to provide answers to new
challenges such as arsenic removal, pesticide removal, and
the removal of metal ions from effluent streams. 
The proposed process alternative for nickel recovery from
spent electrolyte, as indicated in Figure 2, replaces the four
units currently necessary for nickel concentration and
recovery by a single NF unit. The concentrated nickel in the
retentate stream is recycled back to the nickel electrowinning
tankhouse, together with the sodium sulphate to ensure
conductivity within the electrowinning cells, while the
permeate is recycled back to the leaching circuit to reduce the
overall sulphuric acid consumption of the base metal refinery.
It is clear that the proposed process alternative not only
reduces capital costs, but also running costs. 
The main contribution of this investigation is to
demonstrate the successful application of membrane
technology in a base metal refinery. This will be done by
evaluating the effect of trans-membrane pressure (referred to
as pressure), feed concentration, and cross-flow velocity on
the separation performance of NF membranes on an
industrial spent nickel electrolyte solution.
‘In spite of all promising perspectives for NF, not only in
drinking water production but also in wastewater treatment,
the food industry, the chemical and pharmaceutical industry,
and many other industries, there are still some unresolved
problems that slow down large-scale application’ (Van der
Bruggen et al., 2008.)
According to Van der Bruggen et al., the largest industrial
application of NF is the production of drinking water, while
the chemical and pharmaceutical industries also apply NF
successfully to reduce the environmental footprint of
separation processes by saving on energy usage. Fouling
hinders the application in the drinking water industry the
most, while membrane instability and lifetime affect the
chemical and pharmaceutical industry. Bertrand et al. (1997)
discuss the application of NF to produce drinking water from
flooded iron mine effluents, and mention that NF is currently
employed to eliminate either organic matter or to reduce the
salinity of the water. 
Currently NF membrane separation processes are applied
with great success in the petrochemical industry, and
Ravanchi et al. (2009) believe that membrane separation
processes such as NF will play an important role in the
petrochemical industry. 
Drioli and Romano (2001) mention that although desali-
nation of seawater and saline water are currently the best
examples of successful industrialization of NF technology,
other successful applications include the preparation of
Iopamidol in the pharmaceutical industry, chromium recovery
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Figure 1—Four-stage nickel recovery section at RBMR, (adapted from
Crundwell et al., 2011)
Figure 2—Proposed NF process alternative
in the leather industry, and treatment of textile effluents for
re-use. Table I lists NF research and applications that are
related to this study, and emphasises the importance of NF as
future separation technology.  
For NF to develop as a primary separation technology in
the future there are still many technical drawbacks to
overcome. The large investments in NF research, as evident
in the increase in research publications and patents, will
ensure that the future industrialization of NF will increase. 
It can be concluded that research related to the separation
of nickel from acidic streams is very scarce, and that the
focus so far has been on the separation performance of NF
membranes on the nickel and acid streams separately.
Current research on the performance of NF membranes also
focuses on a pH range of 2 to 7, while this investigation will
investigate the acid separation at a pH of 1.15. This investi-
gation address high nickel concentrations, an order of
magnitude larger than the majority of nickel concentrations
investigated in published NF research. 
While most of the research related to NF focuses on the
treatment of effluent streams from mineral and metallurgical
plants, this investigation focuses specifically on the
application of membrane technology within the metallurgical
environment of a base metal refinery by addressing the
separation of high nickel concentrations in very acidic
conditions.
Experimental
Materials used
A commercially available polyamide membrane purchased
from Hydranautics (a Nitto Denko company) was used in this
study. The specific membrane used is confidential. Purified
water used in feed solution preparation and membrane pre-
treatment was supplied by Immuno-Vet Services Pty Ltd. The
spent nickel electrolyte solution used for the NF experiments
was kindly supplied by Anglo American Platinum Ltd. 
Sodium sulphate anhydrous (>99% Na2SO4), nickel
sulphate hexahydrate (>99% NiSO4.6H2O), sulphuric acid
(>99% H2SO4), and sodium hydroxide (1 N NaOH) were
acquired from Ace Associated Chemical Enterprises. All
chemicals were used as supplied without further purification.
Apparatus and experimental methodology
The standard NF set-up with all the required equipment is
well described in literature (see e.g.: Ahn et al., 1999; Murthy
and Chaudhari, 2009; and Tanninen et al., 2004). The
experimental apparatus used in this study to generate the NF
data is shown in Figure 3.
The prepared spent nickel electrolyte solution in the feed
tank (1) was pumped with a high-pressure diaphragm pump
(5) across the membrane module (8). A drain valve (4)
enabled the drainage of the feed solution without spillages.
The cooling unit (2) together with the heating/cooling unit
(3) was used to keep the temperature in the feed tank (1) at
the desired temperature of 50˚C. The set temperature was
entered into the heating/cooling unit (3). The temperature
was measured via a thermocouple (13) placed in the feed
tank (1), and the measured temperature displayed on the
heating/cooling unit (3). 
The pressure was created by the high-pressure
diaphragm pump (5); the pressure was regulated with the
back-pressure regulator (9) and displayed on the pressure
gauge (6). A pressure release valve (7) set on 70 bar
circulated the feed from the membrane module to the feed
tank in order to release the pressure if it was too high.
The sample valve (10) enabled full circulation of the
permeate back to the feed tank (1) or sampling. The permeate
mass was measured using a mass balance (11); the weight of
the sample was logged on a computer (12) at 2-minute
intervals. The sample weight was used to calculate the flux.
The collected permeate samples were sent to Anglo American
Platinum Ltd where inductively coupled plasma (ICP)
spectroscopy and atomic absorption spectroscopy analysis
were used to determine the sodium and nickel concen-
trations, and titrations were used to determine the acid
concentrations.
Membrane performance parameters
The performance of membrane separation processes depends
not only on the membrane properties but also on the
operational conditions (Boussu et al., 2008).
Application of membrane technology in a base metal refinery
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Table I
Applications of NF and related studies
Applications
•  Removal of heavy metals (nickel and cadmium) from wastewater
(Chaudhari and Murthy, 2010; Murthy and Chaudhari, 2009).
•  Removal of ions from electroplating rinse water (Ahn et al., 1999).
•  Removal of heavy metals from Ni-P electroless plating industry
(Mohammad et al., 2004). 
•  Clean of acidic streams (Tanninen et al., 2006a, 2006b; Tanninen and
Nyström, 2002).
•  Removal of sulphate ions and other metal contaminants from South
African mine water (Visser et al., 2001).
•  Recovery of chromate from a spent plating solution (Chen et al., 2008).
•  Solar powered UF-NF/RO system to remove contaminants from
Australian groundwater (Richards et al., 2011).
•  NF used for pre-treatment to RO processes as well as thermal
processes (Al-Zoubi et al., 2007).
Figure 3—Schematic diagram of NF apparatus
Application of membrane technology in a base metal refinery
The effectiveness or performance of solvent-solute
membrane separation processes is usually expressed in terms
of two parameters: flux and rejection (Perry et al., 1997;
Seader and Henley, 2006). Cui et al. (2010) mention that the
flux is an indicator of the productivity of the membrane
separation process, while the rejection is used to indicate the
effectiveness.
The flux of a membrane separation process is defined as
the amount of permeate per unit time per unit membrane
area, and is thus an indication of how fast the permeate
passes through the membrane. Flux can be expressed as
volumetric, mass, or mole flux. Flux is particular to the
membrane, application, operational conditions, and time
(Perry et al., 1997). 
The rejection or retention (R) of a membrane process is
expressed by Equation [1] (Seader and Henley, 2006):
[1]
with Cp,i the concentration of the ith species in the
permeate stream and Cf,i the concentration of the ith species
in the feed stream. 
Experimental design and planning
A traditional experimental design was followed, where the
effect of the three main operating parameters (pressure, feed
composition, and cross-flow velocity) for a NF unit were
evaluated. Discussions with Anglo American Platinum Ltd
identified pressure, cross-flow velocity, and sodium sulphate
feed concentration as the main operating parameters.
Considering the practical implementation of the proposed
process, pressure was varied between 35 and 55 bar, cross-
flow velocity between 1.5 and 3.5 m/s, and the sodium
sulphate feed concentration between 50 and 150 g/l . The
temperature was kept constant at a typical plant operating
temperature of 50˚C.
Membrane and feed solution preparation
According to Scarpello et al. (2002) a membrane must first be
prepared (‘broken-in’) before any permeation experiments
can be done. This is done to minimize irreversible membrane
compaction. Membrane compaction has a large influence on
flux, thus by preparing the membrane before permeation
experiments the flux decline of the membrane is minimized.
The membrane was prepared by running the experimental
apparatus with water for eight hours at 30 bar and 50˚C. The
used membrane was replaced with a new membrane after
three runs. A run in this investigation was defined as the
operation of the experimental apparatus with spent nickel
electrolyte at all three operating pressures (35-55 bar) at a
constant cross-flow velocity and sodium sulphate feed
concentration. If a decline in total permeate flux was
observed prior to the completion of a run, the membrane was
replaced and prepared before the permeation experiments
continued. 
The ICP analysis of the original spent nickel electrolyte
received from Anglo American Platinum Ltd was used to
prepare the feed solutions to the desired sodium sulphate
concentrations of 50 to 150 g/l . The solution was diluted
with distilled water or sodium sulphate anhydrous was added
to ensure the specified sodium sulphate concentration of 50
to 150 g/l . The nickel and acid concentrations were
maintained at 60 g/l and 40 g/l respectively by the addition
of nickel sulphate hexahydrate and sulphuric acid.
Experimental error and reproducibility
It took approximately 60 minutes for the experimental set-up
to reach steady state. Ahn et al. (1999) assumed 120
minutes as the time to reach steady state during their investi-
gation. The experimental set-up of Chilvumova and Thöming
(2008) took 40–90 minutes before sampling could take place.
For this reason, all the results are calculated after 60 minutes.
A spent nickel electrolyte solution at 50˚C with a sodium
sulphate concentration of 75 g/l was used to determine the
reproducibility and experimental error. The experiment was
repeated four times at 45 bar. The accuracy of the NF
experiments was found to be approximately 3% for the nickel
rejection, 6% for the acid rejection, and 10% for the total flux
response.
Results and discussions
Influence of pressure
Influence of pressure on rejection
Figure 4 shows the nickel, acid, and sodium rejections over
the pressure range of 35 to 55 bar at a constant cross-flow
velocity of 2.5 m/s and sodium sulphate feed concentration of
50 g/l . The sodium rejections are known only at a cross-flow
velocity of 2.5 m/s and 50 g/l sodium sulphate concentration. 
It is clear from Figure 4 that two distinct phenomena are
present. The first phenomenon is that the rejection of nickel
ions is higher than the rejection of sodium ions over the
pressure range of 35 to 55 bar, with the rejection of acid ions
being the lowest of the three ions. The first phenomenon can
be best explained by the Donnan theory as outlined by Ahn
et al. (1999). The separation mechanism of NF membranes is
based both on steric and charge effects (Ahn et al., 1999;
Murthy and Chaudhari, 2009). 
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Figure 4—Nickel, acid, and sodium rejections at different applied
pressures
According to Tanninen and Nyström (2002), the
isoelectric point (IEP) of NF membranes is between 3 and 6,
with the IEP defined as the pH at which the membrane charge
is neutral. Hence NF membranes are positively charged when
the pH is below the IEP and negatively charged when the pH
is above the IEP.
The IEP for a typical Hydranautics membrane is around
3.6 (Qin et al., 2005), and with the feed solution pH varying
between 1 and 1.4 the membrane charge is positive for all the
experiments. The membrane will thus resist the permeation
of positively charged ions. The observed rejection order,
R(Ni2+) > R(Na+) > R(H+), can be explained by the steric
and charge effects.
The rejection of nickel ions with a positive valence of two
is higher than the rejections of both sodium and acid ions
with a positive valence of one over the pressure range of 35
to 55 bar, owing to the charge separation mechanism (Ahn et
al., 1999). Chaudhari and Murthy (2010) mention that the
phenomenon of increased rejection due to increased electro-
static repulsion by the membrane as the valence of the ion
increases is one of the common characteristics associated
with NF separation. Although Mohammad et al. (2004) also
observed higher nickel rejections than sodium rejections,
they concluded that there exists a critical pressure and
Ni2+/Na+ concentration ratio where the sodium rejections will
be higher than the nickel rejections.
The diffusion coefficients of hydronium and sodium in
water at 25°C are 93×10-10 m2/s and 13×10-10 m2/s respec-
tively (Henry, 1994). The order of diffusion coefficients in
water is inversely related to the rejection order. The diffusion
coefficient of hydronium in water is higher than sodium, and
the higher diffusion of acid through the membrane will result
in a lower acid rejection than a sodium rejection; this trend is
in accordance with the reported trends by Chaudhari and
Murthy (2010) and Mohammad et al. (2004). Murthy and
Chaudhari (2009) associate the classification based on the
different diffusion coefficients as best described by the steric
separation mechanism of NF membranes. Table II
summarizes the valence, hydrated ion radius, and diffusion
coefficients in water at 25°C for the nickel, sodium, and acid
ions (adapted from Henry (1994) and Richards et al.
(2011)).
From Table II it is clear why Murthy and Chaudhari
(2009) associated the diffusion coefficients of the ions with
the steric separation mechanism of NF membranes; as the
diffusion coefficient of the ion increases the hydrated ion
radius of the ion decreases, resulting in a higher permeate
flux of the ion with a smaller hydrated ion radius or higher
diffusion coefficient.
The second trend seen from Figure 4 is that the nickel,
acid, and sodium rejections increase as the pressure increases
over the range of 35 to 55 bar. This increase in rejection as
the pressure increases can be best described by the increase
in repulsive forces between the positive membrane and the
positive nickel, acid, and sodium ions. Other researchers
(Gomes et al., 2010; Murthy and Chaudhari, 2009;
Mohammad et al.; 2004) also observed this increase in the
nickel, acid, and sodium rejections in their systems.
The results in Figure 4 clearly show that it is possible to
recover acid from a nickel spent electrolyte solution. To
improve the nickel and acid separation the experimental set-
up can be operated in series, with more NF membranes to
increase the separation sharpness between nickel and acid.
Gomes et al. (2010) recommended the same operational set-
up in series to improve the separation between Cr(III) ions
and acid. The sodium ions can be concentrated either with
the nickel ions if the system is operated at high pressures, or
with the acid ions if the system is operated at low pressures.
Influence of pressure on flux
Figure 5 gives the total permeate flux over the pressure range
of 35 to 55 bar at a constant cross-flow velocity of 2.5 m/s
and sodium sulphate feed concentration of 50, 75, and 
150 g/l .
It is clear from Figure 5 as the applied pressure increases
over the range 35 to 55 bar the total permeate flux increases.
This phenomenon can be best described by a simplified
version of the Hagen-Poiseuille equation (Gomes et al.,
2010) as depicted by Equation [2] (Perry et al., 1997):
[2]
where J is the flux, R is the resistance factor, ΔP is the trans-
membrane pressure and Δπ is the trans-membrane osmotic
pressure. According to Gomes et al. (2010) the resistance
factor is a function of the dynamic viscosity inside the
membrane pores, membrane thickness, pore radius, and
additional resistance due to concentration polarization, and
fouling. 
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Table II
Summary of characteristics of nickel, sodium, and
acid ions
Ion Valence Hydrated Diffusion 
(charge) radius (nm) coefficient (m2/s)
Ni2+ +2 0.311 7×10-10
Na+ +1 0.178 13×10-10
H+ +1 0.026 93×10-10
Figure 5—Total permeate flux at different applied pressures
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Assuming that the resistance factor stays constant during
the experiments as pressure and sodium sulphate concen-
tration in the feed vary, the osmotic pressure of the spent
nickel electrolyte is estimated to be around 30 bar as
indicated on Figure 5. Nyström et al. (1995) and Ahn et al.
(1999) observed the same linear increase in permeate flux as
the pressure increased in their respective investigations.
Assuming that the osmotic pressure is 30 bar and
independent of the sodium sulphate concentration, the
calculated resistance factor (R) for 50, 75 and 150 g/l sodium
concentrations are 1.30, 0.64, and 0.25 kg.m-2.h-1.bar-1
respectively. From the Hagen-Poiseuille equation outlined by
Gomes et al. (2010) the resistance factor is inversely propor-
tional to the viscosity of the solution. Jones and Talley (1933)
mention that there exists a strong relationship between
concentration and viscosity. Abdulagatov et al. (2005) found
that the viscosity of sodium sulphate solutions increases with
an increase in concentration. This explains the decrease in
the resistance factor as the concentration of sodium sulphate
increases, thus from Equation [2] the lower permeate flux
can be explained from either a viscosity or an osmotic
pressure perspective. From the study by Rodrigues et al.
(2010) the direct proportional dependence between osmotic
pressure and viscosity for sodium sulphate solutions can be
verified.
Influence of cross-flow velocity
Influence of cross-flow velocity on acid rejection
Figure 6 gives the acid rejections over the cross-flow velocity
range of 1.5 to 3.5 m/s at a constant pressure and sodium
sulphate feed concentration of 50 g/l (a), 75 g/l (b), and 
150 g/l (c).
From Figures 6 (a) to (c) it is clear that the cross-flow
velocity in the range of 1.5 to 3.5 m/s has no significant
effect on the acid rejections at 35 and 55 bar respectively. The
same phenomenon in Figures 6 (b) and (c) is evident with
the exception of a slight increase in the acid rejection at 3.5
m/s and 45 bar; this can be attributed to the experimental
error in acid rejection being 6.1% and the variance in
pressure varying between ±2 bar.
The Reynolds numbers associated with 1.5, 2.5, and 
3.5 m/s are 5 800, 9 600, and 13 500 assuming that the
density and viscosity of the feed solution are the same as
water at 20˚C. The flow is fully developed turbulent flow
when the Reynolds number is above 4 000 in closed conduits
(Welty et al., 2008), thus the flow over the membrane is fully
developed turbulent flow, resulting in the conclusion that the
effect of concentration polarization is insignificant at cross-
flow velocities above 1.5 m/s (Koyuncu, 2002). It is expected
that the cross-flow velocity will have an effect on the acid
rejection when the cross-flow velocity is below 0.6 m/s, with
the resulting flow over the membrane being laminar flow. A
cross-flow velocity of 0.6 m/s is equivalent to a Reynolds
number of 2 300; below a Reynolds number of 2 300 the flow
is laminar according to Welty et al. (2008).
Koyuncu (2002) observed the same effect of cross-flow
velocity on colour removal rejections from salt solutions by
NF. Auddy et al. (2005) studied the effect of cross-flow

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Figure 6—Acid rejections while varying the cross-flow velocity at (a) 50 g/l sodium sulphate, (b) 75 g/l sodium sulphate, and (c) 150 g/l sodium sulphate in
the feed solution
(a)
(c)
(b)
velocity on NF of dye solution experiments, and they
concluded that by increasing the cross-flow velocity the
resistance of the membrane surface to permeate decreased
due to an increase in forced convection, and observed the
same response as in this investigation.
Influence of cross-flow velocity on nickel rejection
Figure 7 gives the nickel rejections over the cross-flow
velocity range of 1.5 to 3.5 m/s at a constant pressure and
sodium sulphate feed concentration of 50 g/l (a), 75 g/l (b),
and 150 g/l (c)
From Figure 7 (a) and (b) it is clear that the nickel
rejections at a cross-flow velocity of 1.5 and 2.5 m/s are the
same, with a slight decrease in nickel rejections at 3.5 m/s
being attributed to fouling affecting the nickel rejection
instead of the higher cross-flow velocity. The same
phenomenon in Figure 7 (c) is evident with the exception of a
slight decrease in the nickel rejection at 2.5 m/s and 45 and
55 bar; which can again be attributed to fouling starting at
the membrane surface area because the nickel rejections were
higher when the membrane was replaced before the cross-
flow velocity increased to 3.5 m/s.
The insignificant effect of cross-flow velocity at 1.5 to 3.5
m/s is due to the flow over the membrane area being fully
developed turbulent flow, resulting in concentration
polarization having an insignificant effect.
Ahn et al. (1999) also observed that by varying the
cross-flow velocity the rejection of nickel ions in a multi-salt
system stayed constant, while Peeva et al. (2004) noticed
that the cross-flow velocity did not have a significant effect
on organic solvent NF experiments.
Influence of cross-flow velocity on sodium rejection
Figure 8 gives the sodium rejections over the cross-flow
velocity range of 1.5 to 3.5 m/s at a constant pressure of 45
bar and sodium sulphate feed concentration of 50 g/l .
From Figure 8 it is clear that influence of cross-flow
velocity on the sodium rejection is insignificant at 45 bar and
50 g/l sodium sulphate feed solution as the cross-flow
velocity increases over the range of 1.5 to 3.5 m/s.
The insignificant effect of cross-flow velocity at 1.5 to 
3.5 m/s is due to the flow over the membrane area being fully
developed turbulent flow, resulting in the effect of concen-
tration polarization being minor.
Influence of cross-flow velocity on flux
Figure 9 gives the total permeate flux over the cross-flow
velocity range of 1.5 to 3.5 m/s at a constant pressure and
sodium sulphate feed concentration of 50 g/l (a), 75 g/l (b),
and 150 g/l (c).
From Figure 9 (a) and (c) it is clear that the cross-flow
velocity in the range of 1.5 to 3.5 m/s has no significant
effect on the total permeate flux at 35, 45, and 55 bar when
the experimental error is acquainted for. The same
phenomenon in Figure 9 (b) is evident for 35 and 45 bar, but
not for 55 bar. From Figure 9 (b) it is clear that the total
Application of membrane technology in a base metal refinery
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Figure 7—Nickel rejections while varying the cross-flow velocity at (a) 50 g/l sodium sulphate, (b) 75 g/l sodium sulphate, and (c) 150 g/l sodium sulphate in
the feed solution
(a)
(c)
(b)
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permeate flux decreases when the pressure is 55 bar and the
cross-flow velocity 2.5 m/s, and then increases as the cross-
flow velocity is increased to 3.5 m/s; the decrease from 1.5 to
2.5 m/s could be due to fouling starting to effect the total
permeate flux. After the lower total permeate flux was
observed at 2.5 m/s and 55 bar as indicated in Figure 9(b),
the membrane was replaced, resulting in the flux increasing
to 3.5 m/s. This phenomenon can be best explained by the
existence of fouling at 2.5 m/s.
Again, the insignificant effect of cross-flow velocity at 1.5
to 3.5 m/s is due to the flow over the membrane area being
fully developed turbulent flow, resulting in the effect of
concentration polarization being eliminated.
Murthy and Choudhary (2011) observed that increasing
the cross-flow velocity increased the total permeate flux, and
attributed this to concentration polarization being reduced by
a higher mass transfer coefficient at the higher cross-flow
velocities. Koyuncu (2002) observed the same phenomenon.
Thus from the results in Figures 7 (b and c) and 9 (b) the
conclusion can be made that the high cross-flow velocities of
this investigation did not prevent fouling; Mänttäri et al.
(2002) reached the same conclusion.
Influence of concentration
Influence of concentration on acid rejection
Figures 10 and 11 give the acid rejections as the applied
pressure increases over the range of 35 to 55 bar at 1.5 and
2.5 m/s respectively. Figure 10 shows the effect of varying
the sodium sulphate feed concentration at 75, 100, 125, and
150 g/l , while Figure 11 shows the effect of 50, 75, and 
150 g/l sodium sulphate concentrations. 
The trend seen from Figure 10 is that as the sodium
sulphate concentration in the feed solution increases the
rejection of acid decreases over the pressure range 35 to 55
bar at 1.5 m/s. The Donnan effect becomes less effective with
the increasing sodium sulphate concentration in the feed
solution (Koyuncu, 2002). The smaller Donnan effect results
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Figure 8—Sodium rejections while varying the cross-flow velocity at 
50 g/l sodium sulphate in feed solution
Figure 9—Total permeate flux while varying the cross-flow velocity at (a) 50 g/l sodium sulphate, (b) 75 g/l sodium sulphate, and (c) 150 g/l sodium
sulphate in the feed solution
(a)
(c)
(b)
in the permeation of more positively charged hydronium ions,
which results in the acid rejection decreasing as the sodium
sulphate concentration increases. The high acid rejection at
55 bar and 150 g/l sodium sulphate in Figure 10 can be
treated as an outlier, with the pressure most likely being
higher than 55 bar. 
The cross-flow velocity has an insignificant effect on the
rejection of acid. Thus the same trend as in Figure 10 is
expected for Figure 11. From Figure 11 the decrease in acid
rejection as the sodium sulphate concentration increases is
evident only at a pressure of 45 bar. The higher acid
rejections at 75 g/l sodium sulphate concentration and
pressures of 35 and 55 bar can be attributed to the applied
pressure for some experimental runs varying between ± 2
bar.
Influence of concentration on nickel rejection
Figures 12 and 13 give the nickel rejections as the applied
pressure increases over the range of 35 to 55 bar at 1.5 and
2.5 m/s respectively. Figure 12 shows the effect of varying
the sodium sulphate feed concentration at 75, 100, 125, and
150 g/l while Figure 13 shows the effect of 50, 75, and 
150 g/l sodium sulphate concentrations. 
From Figure 13 it is clear that as the sodium sulphate
concentration in the feed solution increases the rejection of
nickel decreases over the pressure range 35 to 55 bar at 2.5
m/s. The same phenomenon was also expected for Figure 12.
The reason for the lower nickel rejections at 125 g/l sodium
sulphate (Figure 12) as compared to 150 g/l can be
attributed to the higher nickel concentration, being around 60
g/l nickel in the 125 g/l feed solution compared with 50 g/l
nickel in the 150 g/l feed solution. Murthy and Chaudhari
(2009) also observed lower nickel rejections as the nickel
concentration in the feed solution increased.
Richards et al. (2011) mention that the rejection of nickel
ions is dependent on pH. As the sodium sulphate concen-
tration in the feed solution increased the pH of the feed
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Figure 10—Acid rejections while varying the sodium sulphate feed
concentration at a cross-flow velocity of 1.5 m/s
Figure 11—Acid rejections while varying the sodium sulphate feed
concentration at a cross-flow velocity of 2.5 m/s Figure 12—Nickel rejections while varying the sodium sulphate feed
concentration at a cross-flow velocity of 1.5 m/s
Figure 13—Nickel rejections while varying the sodium sulphate feed
concentration at a cross-flow velocity of 2.5 m/s
Application of membrane technology in a base metal refinery
solution also increased. The force of the positive charge on
the membrane becomes slightly lower as the pH increases
towards the IEP of the membrane, thus resulting in lower
nickel rejections. This phenomenon was also observed by
Chilvumova and Thöming (2008). 
Murthy and Choudhary (2011) explained that as the feed
concentration increases the concentration of the negatively
charged sulphate ions at the membrane surface will increase,
resulting in the shielding effect of the membrane charge by
the negatively charged ions becoming stronger. This results
in a decrease in the membrane repulsion forces on the
positively charged nickel ions and thus decreasing nickel
rejections.
Mohammad et al. (2004) observed that the nickel
rejections increased to a maximum before decreasing as the
nickel and sodium concentrations in their investigation
increased. 
Influence of concentration on flux
Figures 14 and 15 give the total permeate flux as the applied
pressure increases over the range of 35 to 55 bar at 1.5 and
2.5 m/s respectively. Figure 14 shows the effect of varying
the sodium sulphate feed concentration at 75, 100, 125, and
150 g/l while Figure 15 shows the effect of 50, 75, and 
150 g/l sodium sulphate concentrations. 
From both Figures 14 and 15 it is clear that as the
sodium sulphate concentration in the feed solution increases
the total permeate flux decreases. This phenomenon is as
expected. The decrease in total permeate flux is due to the
increased osmotic pressure of the feed solution as the sodium
sulphate concentration of the feed solution increases. This
phenomenon was also observed by both Koyuncu (2002) and
Gomes et al. (2010), and can be described by the Hagen-
Poiseuille equation as outlined by Equation [2].
Conclusions and recommendations
It can be concluded that the NF membrane separation process
can be used to separate nickel, acid, and sodium ions from a
spent nickel electrolyte solution.
The membrane was found to be very selective for nickel
ions, with the rejection of nickel ions varying between 54.4%
and 98.2%. The rejection of acid ions varied between -5.9%
and 21.8%. The rejection of sodium ions varied between
16.6% and 72.4% at a cross-flow velocity of 2.5 m/s and
sodium sulphate concentration of 50 g/l in the feed solution.
An increase in pressure increased the rejection of nickel,
sodium, and acid ions while an increase in sodium sulphate
concentration decreased the rejection of nickel and acid ions.
The total permeate flux was found to increase with an
increase in pressure and decrease with an increase in sodium
sulphate concentration in the feed solution. The cross-flow
velocity had an insignificant effect on the total permeate flux
and the rejection of nickel, sodium, and acid ions.
To demonstrate the feasibility of the application of
membrane technology in a base metals refinery, the flux
should be as high as possible to ensure productivity, while
the rejection of nickel and sodium should be as high as
possible and the rejection of acid as low as possible to ensure
separation efficiency. The effect of pressure, cross-flow
velocity, and sodium sulphate concentration in the feed
solution on the main objective is summarized in Table III.
From the summary in Table III it can be concluded that
the NF separation process should be operated at high
pressures to ensure a high overall productivity (high total
permeate flux) and high efficiency (better separation between
nickel and sodium from acid) and low sodium sulphate
concentrations in the feed. The effect of cross-flow velocity is
insignificant when the flow over the membrane is fully
developed turbulent flow. 
The use of NF for the separation of nickel and acid from a
spent nickel electrolyte is an innovative process alternative
for future industrial application. Recommendations for
furthering the development of this process alternative would
require pilot-plant studies to identify practical drawbacks of
this process alternative and a full economic evaluation on the
possible implementation of the NF process in the
metallurgical environment of a base metal refinery.
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Figure 14—Total permeate flux while varying the sodium sulphate feed
concentration at a cross-flow velocity of 1.5 m/s
Figure 15—Total permeate flux while varying the sodium sulphate feed
concentration at a cross-flow velocity of 2.5 m/s
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